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The low grain iron and zinc densities are well documented problems in food crops,
affecting crop nutritional quality especially in cereals. Sorghum is amajor source of energy
and micronutrients for majority of population in Africa and central India. Understanding
genetic variation, genotype × environment interaction and association between these
traits is critical for development of improved cultivars with high iron and zinc. A total of
336 sorghum RILs (Recombinant Inbred Lines) were evaluated for grain iron and zinc
concentration along with other agronomic traits for 2 years at three locations. The results
showed that large variability exists in RIL population for bothmicronutrients (Iron= 10.8 to
76.4mg kg−1 and Zinc = 10.2 to 58.7mg kg−1, across environments) and agronomic
traits. Genotype × environment interaction for both micronutrients (iron and zinc) was
highly significant. GGE biplots comparison for grain iron and zinc showed greater variation
across environments. The results also showed that G × E was substantial for grain iron
and zinc, hence wider testing needed for taking care of G × E interaction to breed
micronutrient rich sorghum lines. Iron and zinc concentration showed high significant
positive correlation (across environment = 0.79; p < 0.01) indicating possibility of
simultaneous effective selection for both the traits. The RIL population showed good
variability and high heritabilities (>0.60, in individual environments) for Fe and Zn and
other traits studied indicating its suitability to map QTL for iron and zinc.
Keywords: sorghum, micronutrients, iron and zinc, recombinant inbred lines, genotype× environment interaction,
GGE biplot
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INTRODUCTION
Dietary deficiency of micronutrients, leading to hidden hunger,
has been recognized by the World Health Organization as
a serious human health problem worldwide (World Health
Organization, 2002), especially in populations having limited
access to fruits, vegetables and livestock products. Three
micronutrients iron (Fe), zinc (Zn) and provitamin A are widely
deficient, especially among low economic group population in
developing countries. Fe and Zn deficiencies are most prevalent
with almost over three billion people affected word wide (Welch
and Graham, 2004). Nearly 500,000 children (<5 years of age)
die annually because of Zn and Fe deficiencies (Black et al., 2008).
Among the 26 major risk factors of the global burden of disease
estimates, iron deficiency ranks 9th, while zinc, and vitamin
A deficiencies ranks at 11th and 13th positions, respectively
(Ezzati et al., 2002). Deficiency of iron and zinc results in poor
growth, reduced immunity, fatigue, irritability, weakness, hair
loss, wasting of muscles, sterility, morbidity and even death in
acute cases (Haas and Brownlie, 2001; Pfeiffer and McClafferty,
2007; Stein, 2010). Traditional efforts to address the problem
of micronutrient deficiency have focused on micronutrient
supplementation and food fortification (White and Broadley,
2005; Ghandilyan et al., 2006). However, these methods have not
proven to be sustainable, especially in developing countries where
people cannot afford fortified products with a highmicronutrient
content and these countries do not have logistics to supply
the supplemented foods. Instead, most people in these regions
consume cereals as their staple food, which provide only a
small amount of the micronutrients and do not meet human
nutrition needs (Shi et al., 2008). Also associated costs and small
number of primary health care programs in developing countries
makes micronutrient supplementation and food fortification
as difficult task. An alternative (or complement) to the above
approaches is to use plant breeding to naturally fortify commonly
consumed staple crops with micronutrients, through a process
known as genetic biofortification (Bouis, 2003). Agriculture is
the primary source of nutrients necessary for a healthy life,
but most agricultural policies and technologies have focused
on improving profitability at the farm and agroindustry levels,
not on improving nutrition (Bouis and Welch, 2010). Given
the prevalence of hidden hunger, there is growing interest for
agriculture to play a role in improving nutrition, in particular
by paying more attention to the nutritional quality of food.
Biofortification is a scientific method for improving nutritional
value of foods already consumed by those suffering from hidden
hunger (Bouis et al., 2011).
The disease burden related to iron deficiency in India could
be reduced by 19–58% by crop biofortification (Stein et al.,
2008). More recently Meenakshi et al. (2010) concluded that
overall biofortification canmake a significant impact on reducing
the burden of micronutrient deficiencies in the developing
world in a highly cost-effective manner. Biofortification is
being used to improve micronutrient intake of populations in
many parts of the world and was recently ranked as the fifth
most cost-effective solution for the world’s greatest problems
by Copenhagen Consensus Centre (2008). Hence there is an
urgent and compelling need to develop varieties with improved
concentration of micronutrients using biofortification.
Sorghum is among top 10 crops that feed the world (Ashok
Kumar et al., 2015). Its nutritional richness and stress tolerance
makes it an important crop choice in Africa and Asia. Sorghum
is the second cheapest source of energy and micronutrients
(after pearl millet); and a vast majority of the population
in Africa and central India depend on sorghum for their
dietary energy and micronutrient requirement (Rao et al., 2006).
Sorghum stover is the major source of dry fodder for urban
and peri-urban dairy production in India (Tesfaye, 1998). In
terms of nutrient uptake, sorghum account for about 35%
of total intake of calories, protein, Fe and Zn in dominant
production/consumption regions of India (Rao et al., 2006)
and in low income group populations, it goes beyond 50% of
the micronutrient requirement. Biofortification of sorghum by
increasing mineral micronutrients (especially iron and zinc) in
grains is widespread interest (Pfeiffer and McClafferty, 2007).
Breeding for grain Fe and Zn enrichment requires sufficient
genetic variability for grainmicronutrient in available germplasm
as well as information on genetic control of grain micronutrient
content in the seed. Significant positive association reported
earlier (Reddy et al., 2010) between two traits indicates common
genomic region or genes or biochemical pathway involved in
expression of the trait. Hence the knowledge of phenotypic
association between traits gives basic idea for simultaneous
improvement of the traits. Apart from this, understanding
environment is considered important in breeding for traits
that depends on many factors (Campbell and Lafever, 1980;
Ghaderi et al., 1980; Fox and Rosielle, 1982; Yau et al., 1991;
Joshi et al., 2007). Proper characterization and understanding of
locations is very important for screening breeding lines of greater
concentration of zinc and iron in grain (Ortiz-Monasterio et al.,
2007). Soil micronutrient status vary greatly in dry lands where
sorghum cultivation is concentrated, under such conditions,
genotype × environment (G × E) interaction for agronomic
and grain nutrient traits expect to be large and may not permit
differentiation of performance of genotypes across environments.
Many tools and technique have been suggested for
characterizing and grouping environments, with biplot analysis
considered the most valuable. Interpretation of performance
of number of genotypes in a broad range of environments is
generally affected by large G × E interactions (Gauch and Zobel,
1996). Analysis of variance describes only main effects; it tests
the significance of the G × E interaction but do not provide
insight into particular pattern of genotype or environment that
give rise to G × E interaction. A type of linear bilinear model
suitable for grouping sites and cultivars without cultivar rank
change is the site regression model (SREG). The model is also
named as GGE (Yan et al., 2001) because it includes the effect
of genotype plus G × E interaction. Biplots obtained from
graphing first two components of the multiplicative part of SREG
(genotype plus G × E interaction) are useful for summarizing
data (Gabriel, 1971, 1978). Very few attempts have been made to
identify G × E interaction for grain Fe and Zn in sorghum. In
this study we have examined 2 years data from three locations
for grain micronutrients (Fe and Zn) and other agronomic traits
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to evaluate genetic variability, G × E interaction and association
of grain Fe and Zn and other agronomic traits using RILs
(Recombinant Inbred Lines) of sorghum.
MATERIALS AND METHODS
Experiment Material and
Multi-Environment Field Trials (MET)
Present investigation was carried out principally to study the
variation for grain iron (Fe) and zinc (Zn) concentration,
G × E interaction and association between these two traits and
agronomic traits in RIL population consisting of 334 individuals
of F6 generation developed using two contrasting parents 296B
and PVK801 (Table 1).
Phenotypic trials were conducted for 2 years (November
2012 to March 2014) at three locations viz., International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT) located
at an altitude of 545m above mean sea level with latitude of
17.53◦ N and longitude of 78.27◦ E, Indian Institute of Millets
Research (IIMR) located at an altitude of 542m above mean
sea level with latitude of 17.19◦ N and longitude of 78.28◦ E
and Vasantrao Naik Marathwada Krishi Vidhyapeeth (VNMKV)
Parbhani located at an altitude of 357m above mean sea level
with latitude of 18.45◦ N and longitude of 76.13◦ E in India. All
the experiments were conducted in post-rainy seasons to obtain
best quality grain for assessing grain Fe and Zn. For first year
(Post-rainy 2012–13) based on availability of seed only 309 RILs
along with Parents (296B and PVK 801) were used for sowing at
three locations, and in second year (Post-rainy 2013–14) based
on availability of seed, 334 RILs at ICRISAT and 325 RILs at
IIMR and VNMKV were planted along with parents (Table 2).
All trials were conducted using Alpha Lattice design with three
replications. Seeds of each entry were distributed equally to seed
packets, representing number of rows of each plot size; and then
randomized plot numbers were assigned to each plot seed packets
and arranged according to planned field layout.
Agronomic Practices and Data Recording
Trial was sown by tractor-mounted 2-cone planter (7100 US
model) at ICRISAT while hand sowing was done at IIMR
and VNMKV, with each entry planted in two rows of 2m
length, Overplanted plots were thinned 15 days after planting
to single plants, spaced 10 cm apart within each row. Soil Fe
and Zn contents were analyzed by DTPA extractable method
at Charles Renard Analytical Laboratory, ICRISAT, Patancheru,
and expressed as mg kg-1 (ppm). These Fe and Zn contents
in the soil were in the sufficient range for normal plant
requirements (2.6 to 4.5mg kg−1 for Fe; 0.6 to 1.0mg kg−1 for
Zn). The crop was supplied with a fertilizer dose of 80 kg N
and 40 kg P2O5 per hectare and nitrogen was applied in two
split doses half as basal and remaining half at 35 days after
sowing. Trials were irrigated as needed, to ensure no moisture
stress. All recommended agronomic practices were followed for
raising a good crop. Observations were recorded for days to
50% flowering, plant height, 100-grain weight (Test weight),
grain yield and grain Fe and Zn concentration. The entries
were harvested at physiological maturity. During harvest, main
panicles of five random plants from each plot were harvested
and stored separately in a cloth bag to produce clean grain
samples for micronutrient analysis. Remaining panicles of plot
were harvested as a bulk. These panicles were sundried for 10–
15 days. While threshing, five separately harvested panicles were
manually threshed first and approximately 20 g of grains were
TABLE 1 | Characteristics of the parents used in mapping population (RIL) development.
Sr. No. Parent Pedigree Days to 50%
flowering
Fe
(mgKg−1)
Zn
(mgKg−1)
Grain Mold reaction Plant Height (cm)
1 296B IS 3922 (Kafir-durra) × Karad Local (Kharif local) 85 32 20 Susceptible 110
2 PVK801 [(IS 23528 × SPV 475) x (PS 29154)]-4-2-2-4 4 80 42 30 Resistant 140
TABLE 2 | Field layouts and Sowing for each location in two consecutive year with three replications.
Year Location Plots/rep RIL + Parents Design Planting date Soil type
Post-rainy
2012–13
ICRISAT 2012–13 (E1) 320 309 RIL + P1 (6 reps) + P2
(5 reps) = 320
(10 entries/block × 32 blocks) × 3 reps Late November Shallow black soil
IIMR 2012–13 (E2) 320 309 RIL + P1 (6 reps) + P2
(5 reps) = 320
(10 entries/block × 32 blocks) × 3 reps Late November Shallow black soil
VNMKV 2012–13 (E3) 324 309 RIL + P1 (8 reps) + P2
(7 reps) = 324
(9 entries/block × 36 blocks) × 3 reps Late November Deep black soil
Post-rainy
2013–14
ICRISAT 2013–14 (E4) 360 334 RIL + P1 (13 reps) + P2
(13 reps) = 360
(10 entries/block × 36 blocks) × 3 reps Middle September Shallow black soil
IIMR 2013–14 (E5) 360 325 RIL + P1 (17 reps) + P2
(18 reps) = 360
(10 entries/block × 36 blocks) × 3 reps Late September Shallow black soil
VNMKV 2013–14 (E6) 360 325 RIL + P1 (17 reps) + P2
(18 reps) = 360
(18 entries/block × 20 blocks ) × 3 reps Late September Deep black soil
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collected for Fe and Zn analysis, and left over grains from these
panicles were added to the bulk grain produced by threshing
in a multi head machine thresher. Grain yield including the
20 g sample taken for micronutrient analysis was recorded for
each plot and extrapolate to tonne per hectare for grain yield
analysis. In all experiments, self-pollinated (SP) grain samples
were used to estimate grain Fe and Zn concentration expressed
in mg kg−1. At the time of harvesting, 5 representative main
panicles from each plot were harvested at physiological maturity
(120–150 days after planting) for assessing grain micronutrients.
Harvested panicles were put directly in a separate cloth bag to
avoid soil contamination and dried them in the sun to <12%
post-harvest grain moisture content. Grains were cleaned from
glumes, panicle chaff and debris and transferred to new non-
metal fold envelops and stored in cold temperature. Care was
taken at each step to avoid contamination of grains with dust
particles and any other extraneous matter (Stangoulis and Sison,
2008).
Grain Fe and Zn concentrations from the all three locations
were analyzed at the Charles Renard Analytical Laboratory,
ICRISAT-Patancheru, India following the method described by
Wheal et al. (2011). The ground grain samples were digested in
closed tubes; and Fe and Zn in the digests were analyzed using
Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES).
Statistical Analysis
Analysis of Variance
Combined Analysis of Variance was carried out at three
locations across 2 years by modeling individual environment (a
combination of location and year) error variances using mixed
model procedure. Five variance components (σ2g, σ2gy, σ2gl,
σ2gyl, σ2e) were estimated for each of the six traits studied
using restricted maximum likelihood (Paterson and Thompson,
1971) estimation procedure of GenStat Software, 17th edition
(VSN International, Hemel Hempstead, UK). In these analyses,
location and year was fitted as a fixed effect. Genotype, blocks,
replicates and genotype interactions with location and year,
were fitted as random effects. Heterogeneous error variances of
individual year and location in combined analysis is incorporated
by error variance modeling using mixed model analysis The
phenotypic observations zijklm on accession m in replicate k of
block l of location j and year i was modeled as:
zijklm = µ+ yi + ej + yeij + rijk + bijkl + gm + (yg)im + (eg)jm
+ (yeg)ijm + εijklm
Where µ is the grand mean; yi is the fixed effect of year i; ej is
the fixed effect of location j; yeij is the fixed effect of interaction
between year i and location j; gm is the random effect of genotype
m and is ∼NID(0, σ 2g ); rijk is the random effect of replication in
location j and year i and is∼NID(0, σ 2r ); bijkl is the random effect
of block l nested with replication k in location j and year i and
is ∼ NID(0, σ 2
b
); (yg)im is the random effect of the interaction
between genotypem and year i and is∼NID(0, σ 2yg); (eg)jm is the
random effect of the interaction between accessionm in location j
and∼NID(0, σ 2eg); (yeg)ijm is the random effect of the interaction
effect of the genotype m in year i and location j and ∼ NID(0,
σ 2yg); and εijklm is the random residual effect and∼ NID(0, σ 2ε ).
Analysis of variance were also conducted using data from each
environment for all six traits.
Heritability (H2, broad sense) at individual environment was
estimated from analysis of variance. The formula used was-
H2 =
σ 2g
σ 2g + σ 2ε /r
Whereas Heritability (H2) estimates across environments were
estimated by the formula-
H2 =
σ 2g
σ 2g + σ 2yg/y + σ 2eg/l + σ 2yeg/yl + σ 2ε /ryl
where r, y, l denotes the number of replicates, years and
environments respectively.
GGE Biplots Model
The basic model for GGE biplot is based on site regression
analysis and is given by:
Yij − µ− βj =
K∑
k=1
λkξikηjk + εij
Where Yij = the mean yield of genotype i (= 1,2,...,g) in
environment j (= 1,2,...e), µ = the grand mean, βj = the main
effect of environment j, (µ + βj) =mean yield of environment j,
λk = the singular value (SV) of kth principal component (PC), ξik
= the eigen-vector of genotype i for PCk, ηjk = the eigen-vector
of environment j for PCk, K is the number of PC axes retained in
the model (K ≤ min (g,e) and K = 2 for a 2-dimensional biplot)
and εij= the residual associated with genotype i in environment j.
In present study, heritability adjusted-genotype main effect
plus genotype-environment interaction (HA-GGE) biplot (Yan
and Holland, 2010) was used to understand the G × E
interaction, identify the superior genotypes across environment
and evaluate the test environments based on representativeness
and discrimination power on genotypic differences.
Association between Grain Micronutrients and
Agronomic Traits
Relationship between grain Fe and Zn concentration and
agronomic traits like days to 50% flowering, plant height, 100-
seed weight and grain yield were evaluated using Pearson
correlation coefficient using BLUPs (Best Linear Unbiased
Predictors) of single environment as well as across the
environments.
RESULTS
The RIL population derived from cross 296 B × PVK 801
having 334 RILs of F6 generation were phenotyped over three
locations for 2 years for agronomic traits and grain Fe and Zn
Frontiers in Plant Science | www.frontiersin.org 4 May 2017 | Volume 8 | Article 712
Phuke et al. Genetic Architecture for Grain Fe and Zn in Sorghum
concentration along with parents to obtain means and variances.
Phenotypic data collected for population during post-rainy
seasons 2012–13 and 2013–14 at three different locations were
analyzed statistically to obtain variance components. Hereafter,
referred as E1 (ICRISAT 2012–13), E2 (IIMR 2012–13), E3
(VNMKV 2012–13), E4 (ICRISAT 2013–14), E5 (IIMR 2013–14),
and E6 (VNMKV 2013–14).
Mean Performance
The means, standard deviation, ranges and significance of
genotypes for traits measured for RILs were compared with
parental means in all environment separately and summarized in
(Table 3).
Except for days to 50% flowering (DTF), female parent 296
B exhibited lower means as compared to another parent PVK
801 for all agronomic traits in all six environments. But parental
means difference for DTF in E3 was non-significant, similarly 100
seed weight and grain yield for E2 was non-significant, whereas
for remaining all traits two parents were significantly differed
in all six environments. Mean performance for grain iron and
zinc concentration in both parents were higher in E3, whereas
mean performance of iron and zinc for both parents was lowest
in E4, also both parents exhibited wider range of variation for
grain iron and zinc studied in different environments. The mean
performance of parents for other agronomic traits like plant
height, 100 seed weight and grain yield was higher in E1.
Mean performance of RILs for grain iron and zinc was highest
in E3 whereas lowest in E4, for other agronomic traits like plant
height, 100 seed weight and grain yield the RIL performance was
high in E1, whereas mean performance of RIL for 100 seed weight
and grain yield was the lowest in E3. The mean performance of
RIL population for grain iron and zinc was significantly different
than 296B over all six environments, whereas except E2 and E5
for zinc, the mean performances of RILs for grain iron and zinc
was non-significant. For 100 seed weight and grain yield the RIL
population was non-significantly differed from 296B, whereas
except for 100 seed weight in E2 RIL population was significantly
differed from PVK801.
Genotypic Variance and G × E Interaction
Grain micronutrient (iron and zinc) concentration showed
highly significant genotypic variances in all individual
environments (Table 4). Grain iron concentration has
showed the highest genotypic variance in E6 and grain zinc
concentrations showed the highest variance in E3. Same trend
was continued in across environments (Table 5). Both the
traits showed highly significant genotypic variances, whereas
genotype × year (σ2gy) interaction for zinc was significant,
but less in magnitude compared to genotypic variance. For
iron, genotype × year (σ2gy) interaction was non-significant.
Genotype × location (σ2gl) interactions were found to be
non-significant for both micronutrients but genotype × year ×
location (σ2gyl) interactions were highly significant for both the
traits, also the magnitude of variance was more than genotypic
variances.
The analysis of variance from our experimentation showed
highly significant differences among genotypes (RILs) for all six
traits in all individual environments (Table 4) as well as across
the environments (Table 5). Agronomic trait such as days to 50%
flowering, plant height, 100-seed weight and grain yield showed
highly significant genotypic variances (σ2g) in all environments,
same trend was continued for across environment analysis. For
days to 50% flowering and 100-seed weight, the highest genetic
variance was found in E2 and for plant height in E1 and grain
yields in E6. For all agronomic traits, genotype × year (σ2gy)
interactions were found non-significant and for genotype ×
location (σ2gl) interactions, except for grain yield all agronomic
traits were found non-significant. Whereas, for all agronomic
traits the genotype × year × location (σ2gyl) interactions were
highly significant, but in lesser magnitude compared to genotypic
variance (σ2g).
Estimation of Heritability
In present study all traits were highly heritable (>0.60) as per
scale of Robinson (1966) in individual environments except for
grain zinc concentration in E5 (Table 4). Agronomic traits like
days to 50% flowering, plant height, 100-seed weight and grain
yield were found to be more heritable than grain micronutrients.
However, a partitioned genotype by environment interaction
component reduced the heritability for across environments
(pooled analysis). Broad sense heritability for all traits was
high (0.30–0.60) across six environments (Table 5). Broad sense
heritability using pooled data ranged from 0.58 (iron) to 0.96
(plant height), plant height was the most heritable trait in all
the environments. For grain iron and zinc concentration, the
heritability was high in first year (post-rainy 2012–13) compared
to second year (post-rainy 2013–14), whereas environment wise
E5 showed the lowest value for iron and zinc heritability in tune
with low genotypic variance for these traits in same environment.
Heritability-Adjusted GGE Biplots
Test Environment Evaluation Based on
Heritability-Adjusted GGE Biplots
Availability of multiyear and multilocation data facilitates to
compare the test environments for studied traits. Using HA-
GGE biplot analysis for grain micronutrients, first two principal
component explained 59.49% and 77.86% of G + G × E
interaction variation for grain iron and zinc concentration
respectively, whereas HA-GGE biplot for grain yield depicted
76.91% of the G+ G× E interaction variation.
HA- GGE biplots for grain iron concentration revels
nearly wide clustering for most of the environments compare
to grain zinc concentration, this could be due to low
rank correlation between test environment for grain iron
concentration i.e., presence of crossover G × E interaction
(Table 6A). Environment VNMKV 2013–14 was found to be
most representative environment as it has smaller angle with
AEA (Average Environment Axis represented by an arrow vector
joining center and average co-ordinates of test environment)
followed by environment VNMKV 2012–13, ICRISAT 2013–14,
ICRISAT 2012–13, and IIMR 2012–13 (Figure 1A). Environment
IIMR 2013–14 was most discriminating as having longest vector
length, but the angle with AEA was large hence consider as least
representative. Also environment IIMR 2013–14 was fall away
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TABLE 3 | Descriptive statistics of phenotypic values in RILs derived from a cross 296B X PVK 801 in three locations for two seasons, post-rainy 2012–13
and 2013–14.
Trait Environment 296B (P1) PVK 801 (P2) RILs S.D P1 vs. P2 P1 vs. RIL P2 vs. RIL
MEAN RANGE MEAN RANGE MEAN RANGE Pr > F Pr > F Pr > F
DTF ICRISAT 2012–13 (E1) 82.00 80–85 78.00 75–80 80.00 70–92 3.12 ** ** **
IIMR 2012–13 (E2) 78.00 72–89 73.00 66–78 76.00 65–88 4.79 * NS NS
VNMKV 2012–13 (E3) 84.00 81–88 82.00 81–84 84.00 77–91 2.23 NS * NS
ICRISAT 2013–14 (E4) 90.00 85–97 83.00 77–89 87.00 74–101 3.89 ** * **
IIMR 2013–14 (E5) 91.00 85–99 88.00 79–86 90.00 77–100 3.78 ** * NS
VNMKV 2013–14 (E6) 88.00 83–92 84.00 80–87 86.00 78–97 3.26 ** ** **
PH (cm) ICRISAT 2012–13 (E1) 119.44 100–140 163.33 150–180 146.27 90–230 26.98 ** ** **
IIMR 2012–13 (E2) 106.05 97–114 156.20 142–169 133.28 75–208 26.31 ** ** **
VNMKV 2012–13 (E3) 94.56 87–102 152.76 140–170 126.57 66–195 24.82 ** ** **
ICRISAT 2013–14 (E4) 105.47 95–122 128.73 117–143 121.34 65–198 21.51 ** ** **
IIMR 2013–14 (E5) 105.93 85–133 142.11 121–162 131.00 57–196 22.95 ** ** **
VNMKV 2013–14 (E6) 99.40 85–110 145.11 134–156 125.32 68–200 25.06 ** ** **
TW (g) ICRISAT 12-13 (E1) 3.07 2.7–3.5 3.77 3.0–4.5 3.22 2.0–4.9 0.42 ** NS **
IIMR 2012–13 (E2) 2.60 2.0–3.5 2.58 2.0–3.5 2.53 1.2–4.2 0.47 NS NS NS
VNMKV 2012–13 (E3) 2.24 1.8–2.6 2.77 2.2–3.4 2.27 1.3–3.2 0.34 ** NS **
ICRISAT 2013–14 (E4) 2.90 2.0–4.2 3.26 2.5–4.2 2.77 1.2–4.3 0.50 * NS **
IIMR 2013–14 (E5) 2.90 2.1–3.9 3.61 2.4–4.7 2.92 1.3–4.9 0.52 ** NS **
VNMKV 2013–14 (E6) 2.76 2.2–3.8 3.13 2.0–3.7 2.73 1.4–3.9 0.42 ** NS **
Fe (mg kg−1) ICRISAT 2012–13 (E1) 28.00 24–32 33.40 29.4–41.0 33.60 16.5–65.2 5.60 ** ** NS
IIMR 2012–13 (E2) 28.50 22–35 33.00 26.0-36.7 33.00 19.3–56.3 6.34 * ** NS
VNMKV 2012–13 (E3) 46.33 38–49 49.40 44.0–66.0 49.26 33.0–76.4 6.93 * ** NS
ICRISAT 2013–14 (E4) 26.00 20–31 28.20 20.8–41.3 28.00 15.0–47.6 4.90 ** * NS
IIMR 2013–14 (E5) 30.80 21–40 35.90 30.2–52.4 35.85 19.8–50.1 5.08 * * NS
VNMKV 2013–14 (E6) 27.24 19–37 33.60 22.3–44.3 34.00 10.8–67.3 7.89 * * NS
Zn (mg kg−1) ICRISAT 2012–13 (E1) 21.32 19–26 24.33 21.0–30.9 24.63 13.6–54.2 4.78 ** ** NS
IIMR 2012–13 (E2) 21.00 17–24 22.00 20.6–23.6 24.76 13.9–44.3 5.00 ** ** *
VNMKV 2012–13 (E3) 26.44 20–36 30.43 23.0–37.0 31.43 17.3–58.7 6.46 * ** NS
ICRISAT 2013–14 (E4) 14.63 10–18 16.46 14.0–21.7 17.33 10.2–33.0 3.50 ** ** NS
IIMR 2013–14 (E5) 21.19 13–29 24.82 18.3–40.0 25.66 11.8–41.2 4.03 ** * **
VNMKV 2013–14 (E6) 19.69 14–24 24.06 19.0–33.6 24.72 11.8–46.5 5.27 * ** NS
GY (t ha−1) ICRISAT 2012–13 (E1) 4.13 2.5–5.6 5.85 5.0–7.3 3.70 0.7–7.0 0.11 ** NS **
IIMR 2012–13 (E2) 3.00 1.7–1.4 3.60 2.8–4.5 2.70 0.4–6.5 0.10 NS NS **
VNMKV 2012–13 (E3) 1.40 0.8–2.0 2.39 1.8–3.0 1.50 0.3–3.0 0.05 ** NS **
ICRISAT 2013–14 (E4) 2.80 1.4–3.8 4.16 2.2–6.2 3.10 0.4–5.4 0.07 ** NS **
IIMR 2013–14 (E5) 2.14 1.0–3.8 5.19 1.8–3.0 3.30 0.25–6.4 0.12 ** NS **
VNMKV 2013–14 (E6) 2.69 1.4–3.0 3.99 2.2–7.8 2.50 0.4–5.1 0.09 ** NS **
DTF, Days to 50% flowering; PH, Plant Height (cm); TW, 100 seed weight (g); Fe, grain iron concentration (mg kg−1); Zn, grain zinc concentration (mg kg−1), and GY, Grain Yield (t ha−1 );
SD, Standard Deviation.
*Significant at 5% level; **Significant at 1% level, NS, Non-significant.
from remaining all environments which is conform by low rank
correlation with other environments. Genotypes G-301, G-326,
G-316, and G-143 stands near to AEA in positive direction.
HA-GGE biplots for grain zinc concentration revels narrow
clustering compared to grain iron concentration as there was
high rank correlation among test environments (Table 6B).
Environment VNMKV 2013–14 was most representative and
showed sufficient discrimination for grain zinc concentration
followed by ICRISAT 2013–14, VNMKV 2012–13, ICRISAT
2012–13, and IIMR 2012–13 (Figure 1B). Whereas IIMR
2013–14 was least representative as observed in grain iron
concentration and stand away from remaining environments due
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TABLE 4 | Genotypic variance (σ2g), standard error (SE) and heritability in broad-sense (H2) for traits in 296 B × PVK 801-derived RIL population at six
different environments.
Trait ICRISAT 2012–13 (E1) IIMR 2012–13 (E2) VNMKV 2012–13 (E3)
σ
2g SE H2 σ2g SE H2 σ2g SE H2
DTF 6.34** 0.60 0.85 14.46** 1.36 0.90 2.70** 0.26 0.83
PH 667.30** 55.41 0.97 658.21** 53.90 0.98 590.11** 47.86 0.99
TW 0.10** 0.01 0.83 0.15** 0.01 0.88 0.09** 0.01 0.95
Fe 15.51** 1.68 0.78 20.79** 2.17 0.81 27.44** 2.85 0.80
Zn 10.00** 1.12 0.74 12.72** 1.33 0.80 23.41** 2.43 0.80
GY (t ha−1) 0.02** 0.00 0.90 0.014** 0.00 0.95 0.003** 0.00 0.94
Trait ICRIS0AT 2013–14 (E4) IIMR 2013–14 (E5) VNMKV 2013–14 (E6)
σ
2g SE H2 σ2g SE H2 σ2g SE H2
DTF 10.48** 0.91 0.89 7.34** 0.75 0.81 7.97** 0.68 0.91
PH 407.21** 33.20 0.95 486.60** 39.51 0.97 618.32** 48.87 0.99
TW 0.12** 0.01 0.78 0.13** 0.01 0.78 0.14** 0.01 0.93
Fe 8.72** 1.05 0.68 10.84** 1.30 0.68 31.36** 3.23 0.77
Zn 5.48** 0.60 0.73 4.60** 0.68 0.56 12.71** 1.40 0.74
GY (t ha−1) 0.013** 0.00 0.89 0.02** 0.00 0.93 0.027** 0.00 0.80
DTF, Days to 50% flowering; PH, Plant Height (cm); TW, 100 seed weight (g); Fe, grain iron concentration (mg kg−1); Zn, grain zinc concentration (mg kg−1), and GY, Grain Yield (t ha−1 ).
*Significant at 5% level; **Significant at 1% level.
TABLE 5 | Genotypic variance (σ2g), Genotype × Year (σ2gy), Genotype × Location (σ2gl), Genotype × Year × Location (σ2gyl) interactions, standard error
(SE) and operational heritability’s (h2, broad-sense) for traits in 296 B × PVK 801-derived RIL population.
Trait Pooled
σ
2g SE σ2gy SE σ2gl SE σ2gyl SE h2
DTF 4.33** 0.41 −0.115 NS 0.15 −0.016 NS 0.198 3.49** 0.279 0.86
PH 500.54** 40.08 5.74 NS 2.92 −0.03 NS 3.07 63.15** 4.35 0.97
TW 0.06** 0.01 0.00 NS 0.00 0.006 NS 0.00 0.06** 0.00 0.79
Fe 4.18** 0.69 −0.17 NS 0.66 −0.7 NS 0.80 14.32** 1.18 0.58
Zn 4.17** 0.51 0.71** 0.35 −0.14 NS 0.37 5.22** 0.54 0.69
GY (t ha−1) 0.22** 0.02 0.0043 NS 0.01 0.05** 0.017 0.3003* 0.212 0.73
DTF, Days to 50% flowering; PH, Plant Height (cm); TW, 100 seed weight (g); Fe, grain iron concentration (mg kg−1); Zn, grain zinc concentration (mg kg−1), and GY, Grain Yield (t ha−1 );
SD, Standard Deviation.
*Significant at 5% level; **Significant at 1% level; NS, Non-significant.
to low rank correlation (Table 6B). Genotype G-40 was most
stable as stand near to AEA in positive direction. For both the
micronutrient G-232 showed the highest mean value and found
stable for environment IIMR 2012–13.
In case of grain yield HA-GGE biplots, it has observed that
environment ICRISAT 2013–14 as sufficient discriminating and
representative (Figure 1C), hence consider as ideal for selecting
stable genotypes followed by ICRISAT 2012–13. Whereas
environment VNMKV 2013–14 was least discriminating
although showing the smallest angle with AEA. The environment
IIMR 2013–14 and IIMR 2012–13 were stand close to each other
as having high rank correlation (Table 6C). The genotype G-286
and G-245 were stand close to AEA in positive direction hence
consider as most stable genotypes for grain yield.
Association between Grain Fe and Zn
Concentration and Agronomic Traits
Pearson’s correlation for phenotypic correlation among traits
were computed for each individual environment and across
environments based on BLUPs of each individual environment
and across environments (Table 7). Significant positive and
negative correlations were observed between traits studied. Some
of the traits were highly correlated while many of them had weak
correlations. Based on BLUPs from individual environments,
there was highly significant and high positive association between
iron and zinc concentration in all environments (E1 = 0.79, E2 =
0.69, E3 = 0.70, E4 = 0.72, E5 = 0.68, and E6 = 0.65; p < 0.01)
and this trend was consistent in pooled analysis (AE = 0.79;
p < 0.01). The correlation of grain zinc concentration and grain
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FIGURE 1 | Heritability-adjusted GGE biplots on six environments for grain iron (A), grain zinc (B) concentration and grain yield (C) performance of 334
recombinant inbred lines in India.
yield was negative, except in one environment (E5) but was
smaller in magnitude compared to association between grain
iron concentration and grain yield except in one environment
(E6), whereas iron and zinc concentration were found to be
negatively related in same magnitude with grain yield in across
the environments analysis. For 100 seed weight, out of six
environments grain iron showed significant positive association
in three environments (E1, E4, and E6). Whereas, in across
environment analysis, iron concentration showed significant
positive (AE = 0.34; p < 0.01) association with 100 seed
weight. In case of zinc concentration, four environments (E1,
E2, E4, and E6) showed significant positive association and
remaining two environments (E3 and E5) did not show any
significant association, whereas for across environment analysis
zinc concentration showed significant positive (AE = 0.36;
p< 0.01) association with 100-seed weight.
The association between grain iron concentration and days
to 50% flowering ranged from (E2 = −0.23; p < 0.01 to
E1 = 0.04; non-significant), while across the environments
shown significant negative (AE = −0.12; p < 0.05) association
between iron concentration and days to 50% flowering. The
association of zinc concentration with days to 50% flowering
ranged from (E4 = E5 =−0.11; p< 0.05 to E6 = 0.08; p< 0.05),
while across the environment it showed significant negative
(AE = −0.12; p < 0.05) association between zinc concentration
and days to 50% flowering. The association between plant height
and grain iron concentration ranged from (E2 = 0.002; non-
significant to E3 = 0.29; p < 0.01), while across environments
it showed significant positive (AE = 0.33; p < 0.01) association.
In case of grain zinc concentration, it ranged from (E5 = 0.03;
p < 0.05 to E6 = 0.31; p < 0.01), while across environments it
showed significant positive association (AE= 0.31; p< 0.01). The
association between 100 seed weight (seed size) and grain yield
ranged from (E1 =−0.13, p< 0.01 to E2= 0.26, p< 0.01), while
across environments it showed significant negative association
(AE=−0.12, p< 0.05).
DISCUSSION
The present study was undertaken to understand, first, variability
in RIL population for grain Fe and Zn concentration; second, to
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TABLE 6 | Estimation of rank correlation between all six environments.
Environment ICRISAT
12-13
ICRISAT
13-14
IIMR
12-13
IIMR
13-14
VNMKV
12-13
VNMKV
13-14
(A) GRAIN IRON CONCENTRATION
ICRISAT 12-13 1
ICRISAT 13-14 0.46** 1
IIMR 12-13 0.39** 0.34** 1
IIMR 13-14 0.13* 0.11NS 0.01NS 1
VNMKV 12-13 0.48** 0.40** 0.27** 0.13* 1
VNMKV 13-14 0.47** 0.27** 0.30** 0.19** 0.28** 1
(B) GRAIN ZINC CONCENTRATION
ICRISAT 12-13 1
ICRISAT 13-14 0.64** 1
IIMR 12-13 0.68** 0.63** 1
IIMR 13-14 0.34** 0.38** 0.30** 1
VNMKV 12-13 0.73** 0.63** 0.68** 0.32** 1
VNMKV 13-14 0.70** 0.63** 0.64** 0.41** 0.62** 1
(C) GRAIN YIELD
ICRISAT 12-13 1
ICRISAT 13-14 0.40** 1
IIMR 12-13 0.36** 0.43** 1
IIMR 13-14 0.45** 0.46** 0.62** 1
VNMKV 12-13 0.53** 0.43** 0.50** 0.47** 1
VNMKV 13-14 0.52** 0.38** 0.40** 0.52** 0.51** 1
*Significant at 5% level; **Significant at 1% level.
know the G× E interaction for these two traits; third, association
between grain Fe and Zn and other agronomic traits and fourth,
to identify stable environment and genotypes for studied traits
and based on all results to decide the efficiency of this RIL
population for mapping QTLs for grain Fe and Zn concentration.
Present study showed that parents have substantial differences
for both micronutrients iron and zinc in all environments.
Average iron and zinc was highest in location VNMKV followed
by IIMR and ICRISAT respectively as VNMKV soils are
deep black and nutrient rich compare to the soils of IIMR
and ICRISAT. VNKMV represents heart land of sorghum
cultivation in India and both parents used in RIL population
development are well adapted to VNMKV environment. In fact
male parent PVK 801 was released for commercial cultivation
by VNMKV in 2000. This indicated Genotype × Environment
interaction and effect of environment in mineral uptake,
translocation and distribution. Similar results were obtained by
Vreugdenhil et al. (2004) who reported that nutrient content
of plant seeds depends on environment factors. Alteration in
environment or physiology of plant can affect the accumulation
of different multiple elements simultaneously (Buescher, 2010),
variation in mineral uptake in different environments has been
described in A. thaliana (Loudet et al., 2007; Ghandilyan et al.,
2009a,b) and Silene vulgaris (Ernst et al., 2000). Moreover, the
nutrient availability in environment not only affects nutrient
concentration of the vegetative, but also of the economic parts
of a plant and different soil types also results in micronutrient
variability (Ernst et al., 2000). Sankaran et al. (2009) also
detected the variation in mineral content in seed between
environments and emphasizing importance of environmental
factors on quantitative traits. The mean performances results
indicated the existence of sufficient variability between parents
in overall individual environments and greater opportunities for
recovering desirable recombinants by using them in crossing
programs. Wide range in within population for micronutrient
has also been reported for numerous other crops, for instance
in sorghum (Reddy et al., 2005) and maize (Banziger and Long,
2000). Thus availability of wide range for both kind of nutritional
and productive traits indicated the scope of development of iron
and zinc rich genotypes in high yielding background of sorghum
through the exploitation of within population variability, as crop
improvement depends on the magnitude of genetic variability in
the base population and selection ability. This variability present
in population can be exploited if heritability of traits of interest
is high. A study conducted in natural populations indicated that
the BLUP/REML methodology is a powerful way to estimate the
components of variance and to predict additive genetic values
(Kruuk, 2004). Interplay between genetic and environmental
factors (G × E interactions) affect phenotypes of complex traits
which results in reduction in heritability value. G× E interactions
also results in different patterns of genetic associations across
environments (Ye et al., 2006). Allard and Bradshaw (1964)
indicated that the nature of G × E interactions is extremely
complex. Detecting G × E interactions requires that the same
genotypes are grown in multiple environments in order to allow
quantitative genetic analyses. The genetic variance components
also play a crucial role in study of heritability. The magnitude
of heritability is largely governed by the amount of genetic
variance present in the population and high heritability denotes
less effect of environment on trait. The analysis of variances
for all traits in this experimentation revealed that genotypic
variances were highly significant in individual environments as
well as across the environments (pooled analysis) indicating high
degree of genotypic variance for the traits studied. For agronomic
traits the genotype × year × location (σ2gyl) interactions
values were significant but, lower than genotypic variance,
suggesting that the trait are predominantly under genetic control
and influenced by environments to a limited extend which
implies there is no need for G × E partitioning. Whereas,
for both micronutrients, the genotype × year × location
(σ2gyl) interactions were significant and also higher than genetic
variances indicating environment played significant role in
grainmicronutrient concentration. Assessment of environmental
stability of micronutrient is important in crop improvement
programs aimed at enhancing the nutritional quality of food
crops (Oikeh et al., 2004). The genotype × year × location
(σ2gyl) interactions for iron were more in magnitude than zinc
concentration, similar results were reported earlier by Prasanna
et al. (2011) in maize and Gomez-Becerra et al. (2010) in wheat.
Suwarto and Nasrullah (2011) found that proportion of G × E
interaction was three times higher than genotypic variances
for grain iron concentration across eight environments in rice.
High G × E interaction for grain iron and zinc concentrations,
which affect the rank of genotypes across the environments
have been reported in many cereals crops (Banziger and Long,
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TABLE 7 | Estimation of correlation of agronomic trait with grain Fe and Zn contents in sorghum RIL population.
ICRISAT 12-13 (E1) IIMR 12-13 (E2) VNMKV 12-13 (E3)
Traits Fe Zn GY Fe Zn GY Fe Zn GY
Zn 0.79** – – 0.69** – 0.70** – –
DTF 0.04 −0.06 −0.22** −0.23** −0.10 0.23** 0.01 −0.02 −0.01
PH 0.28** 0.25** −0.01 0.002 0.12* 0.46** 0.29** 0.30** 0.16**
TW 0.28** 0.30** −0.13** 0.06 0.30** 0.26** −0.014 −0.023 0.045
GY −0.31** −0.26** – −0.27** −0.16** – −0.21** −0.29** –
ICRISAT 13-14 (E4) IIMR 13-14 (E5) VNMKV 13-14 (E6) Across environment
Traits Fe Zn GY Fe Zn GY Fe Zn GY Fe Zn GY
Zn 0.72** – – 0.68** – – 0.65** – – 0.79** – –
DTF −0.139* −0.11* 0.13** −0.077 −0.11* 0.12** −0.08* 0.08* −0.03 −0.12* −0.12* 0.19**
PH 0.08 0.22** 0.28** 0.06 0.03* 0.34** 0.22** 0.31** 0.14** 0.31** 0.33** 0.31**
TW 0.20** 0.40** −0.12* 0.06 0.02 −0.01 0.13* 0.18** −0.03 0.34** 0.36** −0.12*
GY −0.28** −0.23** – 0.06 0.06 – −0.15** −0.19** – −0.34** −0.34** –
2000; Oikeh et al., 2003a,b; Oury et al., 2006; Morgonuov et al.,
2007; Gomez-Becerra et al., 2010). Studies also showed that
Fe and Zn concentration in wheat grain depends largely on
environmental conditions, particularly soil availability (Fiel et al.,
2005). Therefore iron and zinc concentration in grain show
variation according to micronutrients concentration in soil and
their availability to plants, more so in wheat another reason for
greater G × E interaction for Fe and Zn concentration could
be their quantitative inheritance as reported in maize and rice
(Gregorio, 2002; Long et al., 2004), through progress in genetic
analysis of these traits are expected to be slower than many
traits. However, in spite of these challenges there is evidence
that breeding for increased levels of micronutrient is feasible
(Ortiz-Monasterio et al., 2007; Ashok Kumar et al., 2015).
The HA-GGE biplots are most appropriate of all GGE biplots
for graphical evaluation of the test environment as it display
the square root heritability (
√
H2) of each test environment
based on vector length and its genetic correlation with other
test environments (r) based on the angle between two test
environments, which are two key elements for test environment
evaluation (Yan andHolland, 2010). For grain iron concentration
environment VNMKV 2013–14 was most representative hence
it is ideal for selecting superior genotypes, whereas IIMR 2013–
14 is useful for culling unstable genotypes. In case of grain
zinc concentration, environment VNMKV 2013–14 was most
representative, hence can be used for selecting ideal genotypes.
Whereas IIMR 2013–14 is useful for culling out unstable
genotypes. The wide clustering of test environment for grain iron
concentration compare to grain zinc concentration indicates high
G × E for grain iron than grain zinc concentration. Similarly the
contribution of first and second component for grain iron and
zinc was 44.19 and 15.31% and, 67.96 and 9.90%, respectively.
The locations appeared more unstable for grain iron compared
to grain zinc concentration. As the stable location demonstrate
a large first primary effect (non-crossover G × E variability)
and non-zero secondary effect (crossover G × E variability) in
the biplots (Crossa et al., 2002). For both the micronutrients
genotype G-232 showed the highest mean value and consistently
stable for environment IIMR 2012–13, hence G-232 could be
used to develop environment specific cultivar in this particular
environment.
For grain yield environment ICRISAT 2013–14 is most
representative, hence useful for selecting ideal genotypes,
whereas environment VNMKV 2012–13 and IIMR 2012–13 are
useful for culling out unstable genotypes. Biplot analysis for
grain micronutrients concentration indicated presence of high
G × E interaction which proves the instability of environments
for micronutrient traits (Fe and Zn), hence while phenotyping
these traits special care needs to be taken like (i) use of systematic
checks, design like Alpha lattice and spatial analysis of genotypes,
(ii) use of micronutrient fertilizers (iron and zinc containing) to
homogenize soil iron and zinc concentration.
Development of sorghum cultivars with high levels of grain
iron and zinc concentration can make significant contribution
to reducing widespread deficiencies of these micronutrients in
populations heavily dependent on sorghum for their dietary
energy and micronutrient requirements. It is imperative that
breeding of such cultivars must not compromise on grain yield
and farmer-preferred traits. In present investigation, association
between grain iron and zinc showed significant and high positive
values and the trend was continued in across environment
analysis also. Similar relationships between these micronutrients
have been reported in earlier studies on sorghum (Reddy et al.,
2005, 2010; Ashok Kumar et al., 2010, 2013; Nguni et al., 2012)
and in other cereals, such as pearl millet (Govindaraj et al.,
2013; Kanatti et al., 2014), maize (Oikeh et al., 2003a, 2004), rice
(Anandan et al., 2011), wheat (Velu et al., 2011), and finger millet
(Upadhyaya et al., 2011). These positive associations between
iron and zinc densities may likely result from common and
overlapping Quantitative Trait Loci (QTL) as reported in wheat
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(Peleg et al., 2009; Singh et al., 2010), rice (Stangoulis et al.,
2007), common bean (Blair et al., 2009; Cichy et al., 2009), and
pearl millet (Kumar et al., 2016) implying that simultaneous
selection for both micronutrients is likely to be highly effective.
Thismay point to commonmolecularmechanism controlling the
uptake and metabolism of these minerals in grains or common
transporters controlling for the minerals (Vreugdenhil et al.,
2004; Ghandilyan et al., 2006). Co-segregation of genes for
traits might be the reason of strong association between the
minerals in both populations. The direction and intensity of
association suggested a good possibility of simultaneous genetic
improvement of both micronutrients (Velu et al., 2008b) by
co-transferring these traits into the elite genetic backgrounds.
The association of grain iron and zinc with grain yield was
significantly negative inmost of the environment as well as across
the environments, but the magnitude of association was low.
Such patterns of relationships of grain iron and zinc densities
with grain yield are not unexpected considering the high positive
correlation between iron and zinc densities and larger G × E
interaction effect relative to genotypic effect. Earlier studies in
sorghum (Reddy et al., 2005), pearl millet (Rai et al., 2012), wheat
(Garvin et al., 2006; Morgonuov et al., 2007; Shi et al., 2008; Zhao
et al., 2009), and Maize (Banziger and Long, 2000) also reported
significant negative relationship between these micronutrients
and grain yield. Through statistically significant (negative), a
rather weaker correlation of grain iron content (E3 = −0.21 to
E1 = −0.31) and grain zinc content (E2 = −0.16 to E1 = −0.26)
with yield indicates the possibility of breeding for high iron
and zinc concentration in high yielding backgrounds. A good
number of sorghum genotypes possessing high yield and high
Fe and Zn concentration were developed (Ashok Kumar et al.,
2015). This could call for application of genetic tools for selective
introgression of only selected genes and genomic regions using
marker assisted selection in to the parental lines with high
yielding background.
The significant positive association of 100-seed weight with
both micronutrients in most of the environment will be more
advantageous for selecting simultaneously for the combination
of large grain size and high micronutrient traits during genetic
improvement program. Whereas non-significant association in
sorghum between these two micronutrient and 100 seed weight
has been reported earlier (Reddy et al., 2005; Ashok Kumar et al.,
2010), while in pearl millet (Velu et al., 2007, 2008a,b) significant
positive association was found between grain micronutrient and
100 seed weight. Though the correlation of grain iron and zinc
densities with days to 50% flowering and plant height showed
significant negative and positive correlation respectively, but the
lower magnitude of correlation suggests near-independence of
crop growth traits and grain micronutrient traits. The results
indicate that sorghum grain iron and zinc concentration can be
improved in different maturity and plant stature backgrounds
with higher yield.
CONCLUSION
Present study on sorghum RIL population showed large
variability for both grain micronutrients (iron and zinc),
also presence of G × E interaction for both micronutrient
indicating influence of environment on the expression of these
traits. Compared to zinc, environments showed more influence
on grain iron concentration. Further, biplot analysis revealed
instability of environment for grain iron and zinc. Therefore,
researchers need to take special care while phenotyping of these
traits to avoid environmental errors. Constant positive and highly
significant correlation between grain iron and zinc concentration
showed that simultaneous selection for both the micronutrient
will be highly effective. The iron and zinc associated negatively
to grain yield but in low magnitude, whereas 100-seed weight
showed significant positive association with both the traits in
more than 50% of trials and also in across environment analysis
indicating cultivars with high iron and zinc can be developed
without compensating on grain size. However, while selecting
for high iron and zinc densities with high grain yield, large
segregating population developed from large number of parental
combinations have to be screened than that for yield alone.
The RIL population used in this study showed large variation
for all traits studied and even the ranges for all these traits fall
outside the parent’s values indicating presence of transgressive
segregants. In addition, all the traits studied showed high
heritabilities indicating superiority of this RIL population for
QTL mapping.
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